Fusion of herpesviruses with their target cells requires a minimum of three glycoproteins, namely, gB and a complex of gH and gL. Epstein-Barr virus (EBV) fusion with an epithelial cell requires no additional virus glycoproteins, and we have shown previously that it can be initiated by an interaction between integrin ␣v␤6 or ␣v␤8 and gHgL. We now report that integrin ␣v␤5 can also bind to gHgL and trigger fusion. Binding of gHgL to integrins is a two-step reaction. The first step, analyzed by surface plasmon resonance, was fast, with high association and low dissociation rate constants. The second step, detected by fluorescence spectroscopy of gHgL labeled at cysteine 153 at the domain I-domain II interface with the environmentally sensitive probes acrylodan and IANBD, involved a slower conformational change. Interaction of gHgL with neutralizing monoclonal antibodies or Fab fragments was also consistent with a two-step reaction involving fast high-affinity binding and a subsequent slower conformational change. None of the antibodies bound to the same epitope, and none completely inhibited integrin binding. However, binding of each decreased the rate of conformational change induced by integrin binding, suggesting that neutralization might involve a conformational change that precludes fusion. Overall, the data are consistent with the interaction of gHgL with an integrin inducing a functionally important rearrangement at the domain I-domain II interface.
Epstein-Barr virus (EBV) is an orally transmitted human gammaherpesvirus that is carried by the majority of the adult population worldwide. Many primary infections are asymptomatic, but the virus is an etiologic agent of infectious mononucleosis and is also associated with and implicated in development of both lymphoid and epithelial malignancies (reviewed in reference 38). B lymphocytes and epithelial cells are its primary targets.
Like all herpesviruses, EBV enters its target cells by fusion. Fusion with a B cell first requires endocytosis, is sensitive to chlorpromazine, and occurs at acidic pH. Fusion with an epithelial cell is not sensitive to chlorpromazine and occurs at neutral pH, possibly at the cell surface (28) . In both cases, it requires the activities of trimers of the glycoprotein gB and heterodimers of the glycoproteins gH and gL (18) . Homologs of these three glycoproteins are thought to be responsible for fusion of all herpesviruses and are referred to as the core fusion machinery (45) . Glycoprotein B has been posited to be the protein that is proximal to the fusion event, in large part because of its structural similarity to the vesicular stomatitis virus fusion protein G (3, 16, 39) , but full fusion activity is achieved only in the presence of gHgL.
One of the major differences in entry of individual herpesviruses into various cell types is the way in which the core fusion machinery is initially activated. Several herpesviruses, including herpes simplex virus (HSV) and EBV, can require a fourth protein for activation of fusion. Herpes simplex virus requires glycoprotein gD and the interaction of gD with one of four known unique cell surface molecules (44) . Current models for HSV propose that engagement of gD induces a conformational change in the glycoprotein and transmission of an activating signal to gB and gHgL (21) . This is followed by insertion of putative fusion loops in gB into the membrane (15) and a physical association of gB with gHgL, which somehow leads to full fusion (1) . Fusion of EBV with a B cell requires glycoprotein gp42 in addition to gB and gHgL, though in contrast to HSV gD, which exists as a separate structure, gp42 constitutively forms a trimer with gHgL. Interaction of gp42 with HLA class II molecules is thought to be the initiator of fusion, and the crystal structures of gp42 in the presence or absence of HLA class II molecules suggest that, in parallel with gD, binding leads to a conformational change in gp42 (20, 31) . Events subsequent to this have not been studied as well as they have for HSV, but they might be assumed to be broadly similar.
Fusion of EBV with an epithelial cell is initiated differently. Instead of using gp42 as an intermediary, a direct interaction of gHgL with integrin ␣v␤6 or ␣v␤8 has been shown to trigger the event (8) . Fusion of epithelial cells lacking human integrins and transfected with EBV gHgL and gB can be induced directly by addition of soluble forms of ␣v␤6 or ␣v␤8. The presence of gp42 in a trimeric complex with gHgL prevents triggering by this mechanism, and to accommodate this, the EBV virion carries not only trimeric complexes but also dimeric complexes of gHgL that lack gp42 (48) . Modulation of the ratio of the two complexes in virion particles influences the preferred tropism of the virus, and switching such tropism is accomplished by the cellular environment in which the virus replicates. In B cells, the levels of trimeric complexes available for incorporation into the virion are reduced as a result of interaction with HLA class II molecules and trafficking with these molecules, presumably to the peptide loading compartment, which is rich in proteases. In HLA class II-negative cells, such as epithelial cells, they are not (4) .
The ability to trigger fusion in the absence of an intermediary virus protein such as gp42 or gD facilitates analysis of any conformational changes that might be induced in gHgL as a result of integrin engagement. Although HSV gH contains an integrin-binding RGD motif, mutation of the sequence has shown that the motif plays no role in virus penetration (12) . The recently completed crystal structures of EBV and the homologous HSV and pseudorabies virus (PRV) gHgL complexes have as yet provided no clear picture of how they function, in that none resembles any known viral fusogen (2, 9, 27) . However, some potentially relevant features of the complexes were inferred following comparison of a core fragment of the four-domain structure of PRV and EBV gHgL ( Fig. 1) with that of HSV gHgL, in which domain boundaries have been interpreted differently (2) . A "long crossover segment of polypeptide chain, the flap" (2) is found in the carboxy-terminal domain IV of the complex in all three viruses, adjacent to the virus membrane, and has been postulated to represent a flexible structure that, if moved, would expose a conserved, potentially membrane-interactive hydrophobic surface. Mutations in this flap affect fusion supported by EBV gHgL, and a monoclonal antibody (MAb) (CL59) which maps to the flap can neutralize infection of an epithelial cell (51, 52) . What may be a "syntaxin-like bundle" has been identified in domain II (2) , and the integrin binding site of EBV gHgL is also in a prominent loop in domain II (27) . The monoclonal antibody E1D1 reduces binding to integrins (5) , binds only to gH complexed with gL, and has a reduced ability to recognize gH mutated at residue 65, located in the domain I-domain II linker helix (34) . The antibody thus presumably binds surfaces at the junctional region between domain I, which comprises the amino-terminal 65 residues of gH and the entirety of gL, and domain II. The putative binding site for gp42 is also probably nearby, given the ability of gp42 to block integrin binding (5) . Mutations that map to the domain I-domain II interface affect fusion (34) , and it has been suggested that a domain I-domain II conformational change could be part of the mechanism for triggering membrane fusion (27) .
The crystal structure of EBV gHgL indicates that there is a single unpaired cysteine residue close to the domain I-domain II interface. We took advantage of this to label the residue with thiol-reactive, environmentally sensitive fluorescent probes. We report that binding of gHgL to integrins is a two-step reaction. The first, detected by surface plasmon resonance (SPR), is fast, with high association and low dissociation rate constants. The second, detected by fluorescence spectroscopy, involves a slower conformational change. Interaction between a truncated form of gH together with gL (gHtgL) and monoclonal antibodies or FabЈ fragments was also consistent with a two-step reaction involving fast, high-affinity binding and a subsequent, slower conformational change involving the domain I-domain II interface. Antibodies decreased the rate of conformational change induced by integrin binding, suggesting that neutralization might involve a premature or nonproductive conformational change. We also report that integrin ␣v␤5, in addition to integrins ␣v␤6 and ␣v␤8, can bind to gHgL and trigger fusion.
MATERIALS AND METHODS
Cells and virus. AGS cells, which are human gastric carcinoma cells (American Type Culture Collection) that have been cured of parainfluenza virus type 5 infection (54) by treatment with ribavirin, and CHO-K1 cells were grown in Ham's F-12 medium (Sigma). SVKCR2, a simian virus 40 (SV40)-transformed keratinocyte cell line stably transfected with a plasmid expressing CD21 (24) , was grown in Joklik's modified Eagle's medium supplemented with 10 ng/ml cholera toxin (Sigma). Hybridoma cells, EBV-negative Akata Burkitt lymphoma-derived cells (42) , and Akata-GFP cells, carrying a recombinant EBV in which the thymidine kinase gene is interrupted with a double cassette expressing neomycin resistance and green fluorescent protein (GFP) (29) , were grown in RPMI 1640 (Sigma). Akata-GFP medium was also supplemented with 500 g active G418 (Mediatech). 293-B6 AVAP, 293-B3 AVAP (13) , and 293-B8 AVAP cells (30) (a gift of Stephen Nishimura, University of California at San Francisco), which secrete truncated ␣v␤8, ␣v␤6, and ␣v␤3, respectively, conjugated to alkaline phosphatase (AP), were grown in Dulbecco's modified Eagle's medium (DMEM; Sigma) supplemented with 1% nonessential amino acids. Media for all mammalian cells except for SVKCR2 cells were also supplemented with 10% heat-inactivated fetal bovine serum (FBS; Gibco). SVKCR2 medium was supplemented with heat-inactivated HyClone Cosmic calf serum (Sigma). Insect Sf9 cells were grown in Sf900 II medium (Invitrogen) and infected at a multiplicity of 3 with baculovirus expressing gHtgL (37) (a gift of Andrew Morgan, University of Bristol, England) or at a multiplicity of 2 with equal ratios of baculoviruses expressing truncated forms of ␣v and ␤5 cloned in frame with fos and jun dimerization domains, respectively (26) (a gift of Glen Nemerow, Scripps Research Institute). Spent supernatant was harvested at 72 h and clarified by low-speed centrifugation. Akata-GFP virus was collected from clarified culture medium of cells that had been induced by treatment with anti-human immunoglobulin (22) .
Antibodies. Antibodies used were MAbs E1D1 to gHgL (23), CL40 and CL59 to gH (29) , F-2-1 to gp42 (23), CL55 to gB (51), LM142 (Millipore) and L230 (49) (American Type Culture Collection) to integrin ␣v, and LS-C44264 to placental AP (LifeSpan BioScience). CL59, E1D1, CL40, F-2-1, CL55, and L230 were purified by affinity chromatography on protein A columns coupled to agarose (RepliGen). Rabbit antibody to a peptide corresponding to residues 518 to 528 of gH (33) was affinity purified both on protein A and on a peptide coupled to Affigel-15 (Bio-Rad). The binding of this antibody to gHtgL was determined by SPR to have a K D (dissociation constant) of 1.2 ϫ 10 Ϫ6 M. Sheep anti-mouse coupled to phycoerythrin (Jackson ImmunoResearch) was also used.
Integrin and gHtgL purification. Integrins ␣v␤3, ␣v␤6, and ␣v␤8 were harvested from the spent culture medium of 293 cells that had been switched to serum-free medium after reaching confluence. Integrin ␣v␤5 was harvested from spent culture medium of Sf9 cells that had been infected for 72 h at a multiplicity of 2 with equal ratios of baculoviruses expressing ␣v and ␤5. Culture media were concentrated by ultrafiltration through a YM-30 membrane (Millipore), and integrins were isolated by affinity chromatography on Affigel-10 (Bio-Rad) conjugated to MAb L230. Integrins were allowed to bind to affinity resin for 12 to 16 h at 4°C on a rocking platform, and beads were then placed in a chromatography column and washed with 20 column volumes of 20 mM Tris-HCl, pH 7.2, 1 mM CaCl 2 , 1 mM MgCl 2 , and 1 mM MnCl 2 containing 300 mM NaCl and with 20 column volumes of the same buffer containing 600 mM NaCl. Protein was eluted with 1% acetic acid, and the pH was immediately adjusted to 7.0 with 1.5 M Tris-HCl buffer, pH 9.0. Eluted integrins were dialyzed against phosphatebuffered saline (PBS) and then against 20 mM HEPES-NaOH buffer (pH 7.4) containing 150 mM NaCl. Protein was concentrated, aliquoted, and stored at Ϫ80°C. Soluble gHtgL was purified by affinity chromatography on lentil lectin Sepharose (Sigma) and eluted with buffer containing 10 mM methyl-␣-mannopyranoside (Sigma) as previously described (8) .
Assay of gHtgL binding to cells. Binding of gHtgL to AGS cells was done as described previously (5) . Briefly, AGS cells were trypsinized, allowed to recover for 1 h at 37°C in growth medium, and incubated for 1 h with protein on ice. Cells were then incubated sequentially with MAb CL59 and sheep anti-mouse antibody coupled to phycoerythrin, with washes between incubations and before flow cytometric analysis.
Assay of fusion. Epithelial cell fusion was measured as described previously (8, 51) . Briefly, CHO-K1 cells were transfected with plasmids pCAGGS-gB, pCAGGS-gH, and pCAGSS-gL and overlaid with integrins at 24 h posttransfection, and 20 h later, they were fixed and stained with MAb CL55 to gB and examined visually to count the number of transfected cells and the percentage of transfected cells containing 4 or more nuclei.
Neutralization assays. Neutralization was measured using Akata-GFP virus. Virus was preincubated for 1 h at 4°C with MAb at a final ratio of 1.5 ϫ 10 9 genome copies to 100 g of antibody, whole molecule, or FabЈ and then added to 5 ϫ 10 5 EBV-negative Akata cells or SVKCR2 cells grown to approximately 30% confluence in a 4-chamber BD Falcon slide (Fisher). Virus and cells were incubated for 2 h at 37°C in a minimal volume of medium, and then growth medium was added. Two days later, the percentage of Akata cells expressing GFP was measured by flow cytometry, and the percentage of SVKCR2 cells expressing GFP was counted under a fluorescence microscope. Neutralization was expressed as the percentage of cells expressing GFP in the absence of antibody (% control).
SPR spectroscopy. Kinetic measurements of the interaction between gHtgL and integrins were made with a Biacore 2000 instrument (Biacore AB). MAb LS-C44264 to AP was used to capture integrins ␣v␤3AP, ␣v␤6AP, and ␣v␤8AP on the surface of a sensor chip, and the nonblocking monoclonal antibody LM142 to ␣v integrin was used to attach integrin ␣v␤5 fos/jun to the surface. These two antibodies, as well as monoclonal antibodies E1D1, CL59, and CL40, were immobilized on a research-grade CM-5 sensor chip by amino coupling using an immobilization wizard, with 1,200 relative units (RU) as a target for immobilization. The first flow cell (FC1) was always used as a reference (no antibody immobilized), and the response to FC1 was automatically subtracted by Biacore software from data obtained from the other three flow cells. Measurements were made at 25°C. Integrins were injected at a flow rate of 10 to 20 l/min; gHtgL was injected immediately after integrin capture by using the low-dispersal injection setting (kinject) at a flow rate of 50 l/min. The Biacore instrument is designed to inject a certain volume of a protein solution at a certain flow rate. When injection is finished, the instrument monitors the dissociation phase. After every run, the sensor chip surface was regenerated by injection of 6 M guanidine chloride in 25 mM HEPES-NaOH, pH 7.2 (50 l at a flow rate of 100 l/min), followed by additional washing. The baseline remained stable during 30 to 40 runs. Integrins and gHtgL were centrifuged before use and diluted in running buffer if necessary (10 mM HEPES-NaOH, pH 7.4, 150 mM NaCl, 0.005% surfactant P20 [Biacore, GE Healthcare]). Each sample was degassed before injection. The cognate peptide used to block integrin binding was CYRVTEKGDEHVLSL, and the scrambled peptide was CKV TRSLYEGVHELD (8) .
Acrylodan and IANBD labeling. Labeling with acrylodan (6-acryloyl-2-dimethylaminonaphthalene; AnaSPec) was done as described previously (17) . At all steps, the acrylodan and the labeled protein were handled with minimal exposure to light. Prior to mixing with acrylodan, the gHtgL solution was saturated with air for 5 to 10 min to oxidize cysteines forming S-S bridges. Labeling was conducted at 4°C for 3 h on a rocking platform. Unbound acrylodan was separated from protein by size-exclusion chromatography, followed by dialysis against PBS. The average stoichiometry of labeling (gHtgL to acrylodan) was 1:1.3 (n ϭ 4).
Labeling with N,NЈ-dimethyl-N-(iodoacetyl)-NЈ-(7-nitrobenz-2-oxa-1,3-dia-
zol-4-yl)ethylenediamine (IANBD amide; Invitrogen) was done according to the manufacturer's instructions. The stoichiometry of labeling (gHtgL to IANBD) was 1:0.85. Before labeling, the protein solution was oxidized with air. Unbound probe was removed by size-exclusion chromatography followed by dialysis against PBS.
Fluorescence spectroscopy. Steady-state emission spectra and "time-based" emission spectra were measured at room temperature or at 25°C, using a Photon Technology Inc. Strobe Master Lifetime spectrometer with an SE-900 steady fluorescence option. The excitation bandwidth was set at 3 nm, and the emission bandwidth was set at 5 nm. The excitation wavelength for acrylodan was set at 359 nm, with emission at 380 to 600 nm; the excitation wavelength for IANBD was set at 505 nm, with emission at 515 to 700 nm. Proteins in buffer were maintained in a 1-cm quartz cuvette (Starna Cells) with constant stirring. The buffer spectrum was subtracted from all obtained protein spectra; an integrin or MAb spectrum was subtracted from spectra of integrin-gHtgL or MAbgHgL reactions, and all data shown represent gHtgL fluorescence alone. Subtracted emission spectra and obtained "time-based" spectra were corrected by PTI software for energy differences and for spectral intensity distribution to render them free of excitation artifacts. No difference in resulting emission spectra was observed if a binding reaction was conducted in PBS or HEPES-buffered saline.
Curve fitting. BIAevaluation 4.1 software was used for the Biacore trace alignments and to zero the baseline. All traces were in full accordance with a 1:1 Langmuir model. To decide whether or not integrin-gHtgL binding is a one-step or two-step reaction, the formation part of each trace was fitted to single-and double-exponential functions by using the curve-fitting program Kaleida Graph 3.1 (Synergy Software, PA). The single-exponential fit was equally good compared to the double-exponential one and was accepted as a model. The "on" and "off" rate constants were derived with BIAevaluation 4.1 software. Eight to 16 sensorgrams were analyzed simultaneously. Residuals of the single-or doubleexponential fitting, as well as least-squares fitting of data to the linear equation, were obtained with Kaleida Graph 3.1.
Fab fragment cleavage and purification. FabЈ fragments of CL59 (IgG2a) and CL40 (IgG1) were generated according to the manufacturer's instructions by digestion with papain or ficin, using a Pierce FabЈ preparation kit or mouse IgG1 FabЈ preparation kit (Pierce Chemical Company), respectively, and were purified by chromatography on protein A Sepharose. Purified proteins were dialyzed against PBS and analyzed by polyacrylamide gel electrophoresis under nonreducing conditions and without boiling.
RESULTS
In addition to integrins ␣v␤6 and ␣v␤8, a third integrin, ␣v␤5, can also bind to gHgL and trigger fusion. We previously reported that soluble forms of integrins ␣v␤6 and ␣v␤8, but not ␣v␤3, can bind to residues of gH which include a KGD motif and are part of an exposed loop in domain II. Application of function-blocking antibodies suggested but could not confirm that the one other KGD/RGD-binding integrin that might bind gHgL was ␣v␤5. To test this possibility further, we obtained baculoviruses that expressed truncated ␣v and truncated ␤5. Purified ␣v␤5 was captured by a non-function-blocking antibody to ␣v coupled to a Biacore sensor chip, and purified ␣v␤3, ␣v␤6, and ␣v␤8 were captured by an antibody to AP. A kinetic analysis of binding to increasing concentrations of soluble gHtgL indicated that gHtgL interacted with integrin ␣v␤5 as well as ␣v␤6 and ␣v␤8 ( Fig. 2A to C) . No interaction was detected with ␣v␤3 (Fig. 2D ). Integrin ␣v␤5 was also able to trigger cell-to-cell fusion of epithelial cells, mediated by gB and gHgL (Fig. 2F) . To determine if integrin binding occurred in one or more than one step, the formation sections of the sensorgrams were fitted to single-or double-exponential functions by using the curve-fitting program Kaleida Graph 3.1.
Comparison of residuals, representing the difference between the theoretical curve and the experimental data, showed that the data fit to a single-exponential function (Fig. 2E) .
To obtain rate constants of gHtgL binding and to calculate the K D , k obs on values were plotted against gHtgL concentrations (Fig. 3) . Data were compiled from a minimum of 10 independent experiments for each integrin. The dependence of k obs on on the concentration of gHtgL was described by a linear function, which confirmed that it represents a single-step reaction. The intersection with the y axis corresponds to the dissociation rate constant (k off ), and the slope corresponds to the associate rate constant (k on ) (Fig. 3A to C) . The rate constants and thermodynamic K D values were similar for ␣v␤5, ␣v␤6, and ␣v␤8 (Table 1 ) and affinities were much higher than those of vitronectin, a natural ligand of these integrins which binds with a K D of 10 Ϫ7 M (46) . No correlation between affinity and induction of fusion could be found. To confirm that the KGD motif of gH can compete for binding to ␣v␤5, as shown previously for ␣v␤6 and ␣v␤8 by inhibition of cell binding and infection, gHtgL binding to integrins was also analyzed by SPR with a 40 M concentration of a peptide corresponding to residues 184 to 196 of gH or a scrambled form of the same peptide. In the presence of the scrambled peptide, the kinetic characteristics of gHtgL binding were similar to those in the absence of peptide (Fig. 3D to F) . In contrast, the KGD peptide inhibited the interaction between gHtgL and ␣v␤5, in addition to that with ␣v␤6 and ␣v␤8.
A slow step of gHtgL interaction with integrins can be detected by fluorescence spectrometry. The model for fusion 
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on January 17, 2018 by guest http://jvi.asm.org/ mediated by HSV gHgL and gB proposes that it is initiated with a conformational change in gD induced by receptor binding. Similarly, B cell fusion mediated by EBV gHgL and gB is thought to be initiated with a conformational change in gp42 induced by binding to HLA class II molecules. It therefore seemed plausible that the integrin-mediated initiation of epithelial fusion by EBV glycoproteins might result in a conformational change in gHgL. If so, the gHgL-integrin interaction should occur in a least two steps: binding and a subsequent conformational change. The analysis of binding by SPR detected only a single step. However, this method has a limited ability to measure rate constants of very fast and very slow reactions. To determine whether the interaction between gHtgL and epithelial integrins ␣v␤5, ␣v␤6, and ␣v␤8 produced any conformational changes in gHtgL, gHtgL was labeled with acrylodan, an environmentally sensitive fluorescent probe which can be coupled to the reduced -SH group of a cysteine (17, 36) . The average stoichiometry of gHtgL to acrylodan was 1:1.3 (n ϭ 4). This is consistent with the crystal structure of EBV gHgL (27) , in which only one cysteine, at position 153 of gH, is reduced under oxidative conditions.
Labeling of gHtgL with acrylodan did not affect its binding to AGS epithelial cells as judged by flow cytometry with CL59, which recognizes a conformational epitope (51) (Fig. 4A) , suggesting that it still had the native conformation. The association and dissociation rate constants of binding of integrin ␣v␤6 to unlabeled gHtgL and acrylodan-labeled gHtgL, as measured by SPR, were also similar. K D values for binding were 2.4 ϫ 10 Ϫ9 Ϯ 1.3 ϫ 10 Ϫ9 M and 1.53 ϫ 10 Ϫ9 Ϯ 0.49 ϫ 10 Ϫ9 M (n ϭ 9), respectively. Addition of integrin ␣v␤5, ␣v␤6, or ␣v␤8 at 85 nM to 25 nM acrylodan-labeled gHtgL (a molar ratio which would almost eliminate bias introduced by dissociation) produced both a significant increase in fluorescence, which is indicative of an increase in the hydrophobicity of the environment, and a shift in the emission peak from 540 nm, which is typical for acrylodan fluorescence in aqueous solutions, to 504 nm, which is typical of acrylodan fluorescence in hydrophobic solvents (data for integrin ␣v␤8 are shown in Fig. 4B ). The increase in fluorescence over time (the kinetic curve) was monitored at both 504 nm and 540 nm and is described by a single-exponential function for ␣v␤8 (Fig. 4C ) and for ␣v␤5 (Fig. 4D) . One possible explanation for a conformational change would be protein denaturation and aggregation. Four observations made this possibility unlikely. First, the reaction between unlabeled gHtgL and integrin ␣v␤8 did not show the increase in fluorescence that would have been expected if light scattering had increased fluorescence (Fig. 5A) . Second, holding the acrylodan-labeled gHtgL in the quartz cuvette for an hour caused no increase in fluorescence (Fig. 5B) . Third, centrifugation of the sample in the middle of the analysis to remove any possible products of aggregation had no effect on fluorescence intensity (Fig. 5C) . Finally, incubation of acrylo- dan-labeled gHtgL with ␣v␤3 did not lead to an increase in fluorescence (Fig. 5D) . The k obs value for the fluorescence change was much lower than that for the reaction measured by SPR (Table 2) , which indicated that the conformational change was significantly slower than formation of the intermediate complex.
To confirm that the conformational change was not unique to acrylodan-labeled gHgL, the complex was also labeled with IANBD, another thiol-reactive fluorescent probe which, because of the sensitivity of its fluorescence properties to solvent accessibility, has been used to detect protein conformational changes (40) . The stoichiometry of gHtgL to IANBD was 1:0.85. Addition of each of the three integrins (␣v␤5, ␣v␤6, and ␣v␤8) again produced both a significant increase in fluorescence and a shift in the emission peak, this time from 573 nm to 542 nm (data for integrin ␣v␤8 are shown in Fig. 4E) .
Neutralizing MAbs also effect a conformational change in gHtgL. Three MAbs to gH or gHgL are currently available. CL59 maps to the "flap" in domain IV, E1D1 maps to the domain I-domain II interface, and the binding site of CL40 is unknown. We previously reported that all three MAbs block epithelial but not B cell infection (29) . Repeating this analysis with a more quantitative assay now revealed that saturating amounts of each antibody can at least reduce B cell infection, though none can completely eliminate infection as is possible for epithelial cells (Table 3) . E1D1, whose neutralizing ability may be attributed at least partially to its previously reported ability to reduce integrin binding, had the least effect on B cell infection. Antibody CL40 had the greatest effect. For comparative purposes, the effects of MAb F-2-1 to gp42, which blocks the interaction with HLA class II molecules, and MAb CL55 to gB, which is a nonneutralizing antibody, were also measured.
To ensure that the effects of CL59 and CL40 did not simply represent cross-linking of gHgL in the virion envelope, FabЈ fragments were generated and shown to have effects similar to those of the whole molecules.
To obtain the rate constants of MAb binding to gHtgL, CL59, E1D1, and CL40 were coupled to a sensor chip, and interaction of different concentrations of gHtgL was monitored by SPR (Fig. 6A to C) . Judging by the residuals, the binding curves could be described by a single-exponential function (as an example, the residuals for gHtgL binding to E1D1 are shown in Fig. 6D ). All three monoclonal antibodies bound gHtgL with a high affinity, and the kinetic characteristics of this binding are summarized in Table 4 . The association rate constant for binding of CL59 was significantly lower than those for both E1D1 and CL40. The interaction of CL40 with gHtgL had a very high value for k on (at the limits of Biacore performance), and its dissociation was also significantly faster than that of the other two MAbs.
To determine whether the binding of any one of the MAbs to gHtgL affected the ability of the protein to bind to any of the other antibodies, each was attached in turn to a sensor chip. Following this, gHtgL alone or gHtgL preincubated individually for 1 h on ice with each MAb was injected onto the sensor chip. Prebinding of gHtgL with CL59 or CL40 almost completely ablated the ability to bind to E1D1 (Fig. 7A) , and prebinding of gHtgL to E1D1 or CL40 significantly decreased its binding to CL59 (Fig. 7B) . In contrast, however, although ) (mean Ϯ SD)
Step 1: formation of intermediate complex
Step 2: conformational transition ␣v␤5 28.9 Ϯ 6.1 0.66 Ϯ 0.07 (n ϭ 3) ␣v␤6 27.9 Ϯ 6.8 0.95 Ϯ 0.04 (n ϭ 3) ␣v␤8 20.1 Ϯ 2.6 0.5 Ϯ 0.22 (n ϭ 5) the association and dissociation rates of gHtgL binding were reduced when the protein was complexed with either E1D1 or CL59, it could still bind to CL40, which together with information already available about domains bound by E1D1 and CL59, indicated that none of the antibodies bound to the same epitope (Fig. 7C) . Nonneutralizing rabbit antipeptide antibody to gH was used as a negative control and had no effect on binding to any of the monoclonal antibodies (data not shown).
Since all of the MAbs were neutralizing, we also addressed the question of whether any besides E1D1 affected the ability of gHtgL to bind to an integrin. Antibody to AP was coupled to a sensor chip, integrin ␣v␤8 was captured by the MAb, and gHtgL alone or gHtgL complexed with MAb was injected over the surface of the chip. For complexes with CL40 or CL59, the ability of gHtgL to bind to the integrin was not affected significantly (Fig. 7D, sensorgrams 2 and 3 ). For complexes with E1D1, consistent with previous findings (29) , binding was reduced but not eliminated (Fig. 7D, sensorgram 1) . Because prebinding of gHtgL to CL59 and CL40 had a marked effect on the subsequent ability of the protein to bind to E1D1, without significantly affecting its ability to bind to integrins, we considered the possibility that antibody binding itself had elicited a conformational change. Monitoring the fluorescence of acrylodan-labeled gHtgL following addition of whole molecules or FabЈ fragments of MAb CL40 or CL59 revealed an increase in fluorescence, though to a lesser magnitude than that induced by integrin binding. Binding of CL40, however, which increased fluorescence to a greater extent than did binding of CL59, also induced a shift in peak emission spectra similar to that produced by integrin binding (Fig. 8) . The rate of change in response to subsequent addition of integrins 100 min after addition of whole antibody or FabЈ fragments of CL40 or CL59 was reduced relative to that seen following addition of integrin in the absence of antibody, and again, CL40 had the greatest effect (Fig. 9) . A nonneutralizing antipeptide antibody which binds to residues 518 to 528 of gH with a K D of 1.2 ϫ 10 Ϫ6 M had no effect, even when added at a saturating concentration of 7 M.
DISCUSSION
Previous work has suggested but not formally demonstrated a role for ␣v␤5 in EBV entry. A function-blocking antibody specific for ␣v␤5 reduced EBV infection of SVKCR2 epithelial cells by approximately 50% (8) . However, at the time that this work was done, we did not have a source of soluble ␣v␤5. The precise contours of the integrin bound by gHgL are not known, and thus we could not rule out the possibility that the antibody was interfering with recognition of the ␣v chains of ␣v␤6 and ␣v␤8, which are also expressed by SVKCR2 cells. It is now clear that integrin ␣v␤5 in addition to integrins ␣v␤6 and ␣v␤8 can bind and trigger fusion mediated by EBV glycoproteins. None of the other RGD/KGD-binding integrins expressed on human epithelial cells showed any evidence of being able to interact with gHtgL (8), so while there may exist completely different structures that can serve to trigger epithelial cell fusion by EBV gHgL and gB, it appears likely that the integrin triggers are limited to ␣v␤5, ␣v␤6, and ␣v␤8.
Both ␣v␤6 and ␣v␤8 are of interest in that they bind to transforming growth factor ␤1 (TGF-␤1) latency-associated peptide and cause local activation of endogenous TGF-␤1 (30, 32) , an inducer of EBV lytic reactivation in B cells (10, 11, 25) . This could potentially increase the extent of transfer of virus from the latent B cell reservoir to epithelial cells, where amplification of virus is thought to occur (14, 19) . However, ␣v␤8 is expressed primarily in basal cells in airway epithelium (41) , and ␣v␤6 is expressed only at low levels on normal epithelial cells, being upregulated during tissue repair and on explantation of cells in tissue culture (6, 7, 47) . Thus, although ␣v␤6 and ␣v␤8 may be particularly relevant to increased susceptibility of tissues during a variety of disease states and, in the case of ␣v␤6, inevitably relevant to in vitro analyses in cell lines, they seem less likely to be of importance to infection of normal tonsil epithelium, the probable site of EBV replication in healthy human carriers (35) . In this case, ␣v␤5 may be paramount.
The affinity constants calculated from the SPR analyses of integrin binding to gHtgL were in general agreement with those previously calculated by Scatchard analyses of binding to whole cells, where more than one integrin could contribute to the event (8) . The half-life of binding was short, though longer for ␣v␤8 than for the other two integrins. Labeling of the single available thiol group in gH with acrylodan or IANBD allowed detection of a second, much slower conformational change with a half-life of approximately 12 to 23 min, estimated from the k obs (t 1/2 ϭ ln 2 /k obs ), depending on the integrin. To maintain parity with the SPR analyses, the fluorescence measurements were done at 25°C, but by extrapolation, the half-life of this change at 37°C might be expected to convert to as little as 6 min. A pH-induced conformational change in influenza virus hemagglutinin has been measured to have a half-life of approximately 50 min at 25°C and 4 min at 37°C (50) . The observation of a ratio of acrylodan or IANBD to gHtgL of close to 1 provided confidence that only one residue had been labeled and that the residue in question was cysteine 153. The fluorescence quantum yields and fluorescence spectra of acrylodan (36) and IANBD (43) are sensitive to their polar environment, and both molecules have been used widely as reporters for conformational change in a protein that involves a shift of the labeled residue into a more hydrophobic environment (40) . The increase in quantum yield and the blue shift in fluorescence seen after addition of any of the integrins able to bind to gHtgL were thus consistent with the movement of residue 153 into a more hydrophobic environment and with a potential conformational shift in gHtgL at the domain I-domain II interface. The more limited change in fluorescence intensity seen after addition of ␣v␤5 may reflect that a smaller proportion of this integrin fused in frame with fos/jun dimerization domains was active than the case for ␣v␤6 and ␣v␤8 integrins fused in frame with alkaline phosphatase, but the timing of the increase and the shift in emission wavelength were consistent with those of the other integrins.
Mutations made in domain I, the domain I-domain II interface, and domain IV have been shown to have differential effects on the ability of EBV glycoproteins to mediate fusion with epithelial cells and B cells (34, 51, 52) . Some mutations increase fusion, whereas some reduce or abrogate fusion, and for single-point mutants, some may behave differently with each cell type. If it is assumed that the final execution of fusion is not fundamentally different for B cells and epithelial cells, this implies that the triggering interaction transmitted by integrin binding and that triggered by gp42 bound to HLA class II molecules have unique structural requirements. This is mirrored to some extent in the behavior of the three neutralizing MAbs to gH or gHgL. All three completely abrogated infection of an epithelial cell but only partially, to various degrees, neutralized B cell infection. The ability of neither CL59 nor E1D1 to block binding to immobilized CL40 indicated that none of the antibodies bound to the same epitope, and none, not even E1D1, completely blocked gHgL binding to integrins. However, the ability of even CL59, which is known to bind to domain IV, to affect the ability of gHgL to bind to E1D1, which probably binds to surfaces at the domain I-domain II interface (27) , strongly suggested that the antibodies induced a conformational change. The ability of each antibody to increase fluorescence of acrylodan-labeled gHtgL and, in the case of E1D1 and CL40, to cause a blue shift, was consistent with this. This presumably means that neutralization results either from a premature conformational change or from a nonfunctional change that prevents a functional change subsequent to integrin binding. The latter possibility is perhaps the most likely, since MAb CL59 can neutralize infection even if it is added after virus has been bound to a cell (S. M. Valencia and L. M. Hutt-Fletcher, unpublished data) and since antibody binding reduced the extent of the change triggered by integrins. Although a change in the environment of cysteine 153 follows either antibody or integrin binding, implicating the same region of gHgL in both, it is not possible to define the changes with any greater precision.
It remains unclear for any herpesvirus how gHgL functions in fusion or even whether it functions as what has been described as "a blue-collar worker for membrane fusion or just a white collar signal mediator" (53) . However, it appears that at least in the case of EBV, activation of fusion with an epithelial cell, mediated by interaction with an integrin, involves a con-formational shift at the domain I-domain II interface of the complex.
